[1] Midlatitude cirrus cloud radiative forcing (CRF) values at the tropopause over China are estimated using a radiative transfer model initialized by Earth-orbiting Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) and Moderate Resolution Imaging Spectroradiometer (MODIS) measurements. A derived diurnal mean CRF, solved as a function of solar zenith angle, , though varied over the solar day, is used to evaluate the sensitivity and influence of on CRF calculations. Although a total mean net (NET) CRF of 36.5 ± 48.4 W m −2
Introduction
[2] Cirrus clouds are considered an important regulator of both the biospheric hydrological cycle and the radiation budget of the Earth climate system, despite being characteristically thin optically and persisting at relatively high tropospheric altitudes [Liou, 1986; Lynch et al., 2002] . They consist predominantly or wholly of nonspherical ice crystals, and are instantaneously present over approximately 40% of Earth atmosphere, as estimated using current satellite measurements [Wylie et al., 1994; Wylie and Menzel, 1999; Sassen et al., 2008] . Their movement and complex formation mechanisms are closely associated with largescale regional circulations and weather disturbances, and in many regions related to deep-cumulus outflow [Liou, 1986; Sassen and Campbell, 2001] .
[3] Cirrus clouds can significantly influence the propagation of solar and infrared radiation within the atmosphere, and thus affect atmospheric heating rates and vertical static stability [Liou, 1986] . They scatter and absorb incoming solar radiation, which generates a surface cooling effect. However, their absorption and emission of thermal infrared radiation originated at the planetary surface and lower atmosphere typically outweighs this forcing. Therefore, cirrus clouds are considered greenhouse components that cause warming of the equilibrium climate [Liou, 1986; Jensen et al., 1994] .
[4] Previous studies have concluded that the radiative effects of cirrus clouds are sensitive to climate processes and physical feedback mechanisms [Lohmann and Roeckner, 1995; Ramanathan et al., 1989; Ramanathan and Collins, 1991; Stephens et al., 1990] . At present, empirical evidence for such variability is limited to theoretical simulations based on idealized cloud macrophysical and microphysical inputs, and a number of radiative transfer approximations [Jensen et al., 1994; Sassen and Campbell, 2001] . Conclusions relating climate to cirrus cloud radiative variability, and the absolute magnitude of surface temperature perturbations and changes to vertical lapse rate profiles, have yet to be reliably quantified due to limitations in modeling scenarios and the relatively high uncertainties that remain with conducting closure experiments in the field [Liou, 2005] .
[5] The climatic influence of cirrus clouds is largely dependent on their physical properties, such as cloud height, temperature, and shape and orientation of the ice crystals [Sassen et al., 1989; Takano and Liou, 1989a; Wendisch et al., 2005 Wendisch et al., , 2007 . But the present characterization of cirrus clouds in general circulation models (GCM) is rather primitive, and substantial uncertainties exist in the cloud climatologies derived from GCM simulations [Lynch et al., 2002] . Hence, global cirrus cloud properties must be investigated, documented and studied in relative context to generate the relevant knowledge and constraints necessary to yield accurate parameterizations of various cloud microphysical processes and cloud-radiation interactions in these models.
[6] The concept of radiative forcing (RF) has been introduced for quantitative comparisons of the strength of different human and natural agents in causing climate change [Le Treut et al., 2007] . Intergovernmental Panel on Climate Change [2001] define RF as "the change in net irradiance at the tropopause (TP) after allowing for stratospheric temperatures to readjust to radiative equilibrium, but with surface and tropospheric temperatures held fixed at the unperturbed values". Cloud-induced RF has been studied on the basis of satellite or ground-based instrument measurements for many years [Ramanathan et al., 1989; Mace et al., 2006a Mace et al., , 2006b Lee et al., 2009] . Specific studies on cirrus radiative forcing are limited by available observing techniques, given their optical and physical nature. Our current understanding of cirrus-induced RF (CRF) and, more specifically, its regional variability are relatively coarse. It is necessary to investigate this further by taking advantage of the recent proliferation of satellite-based remote sensors targeted at observing cloud physical and radiative properties.
[7] In the current investigation, our goal is to describe midlatitude CRF solved at the TP over China (a domain considered here to be bracketed from 17°N to 55°N and 73°E to 135°E). To derive effective estimations, accurate and comprehensive cirrus cloud information and atmospheric thermodynamic profiles are necessary. Since cirrus often occur as part of multilayered cloud systems, and given their macrophysical characteristics described above, they are often difficult to study from satellite radiance measurements or scattered ground observing sites [Lynch et al., 2002] . However, the CALIPSO satellite [Winker et al., 2003 [Winker et al., , 2009 , launched in June 2006, as a component of the NASA Afternoon Constellation [Stephens et al., 2002] , or "A-Train", includes the active-based Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument. CALIOP is a dual wavelength (0.532 and 1.064 mm) and polarizationsensitive backscatter lidar capable of providing global vertical profiling information of clouds and aerosols in the troposphere and lower stratosphere [Winker et al., 2007] . Coaligned aboard the CALIPSO platform is the passive Imaging Infrared Radiometer (IIR) and Wide Field Camera (WFC) [Winker et al., 2007] . Compared with passive remote sensing instruments, a higher sensitivity to optically thin cirrus cloud detection is possible by interpreting CALIOP measurements [Liu et al., 2009] .
[8] In addition to the CALIPSO instrument suite, the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument on the NASA Aqua platform (launched in 2002) is another component of "A-Train" that includes passive radiometric measurements at 36 spectral channels, which covers essentially all key atmospheric bands between 0.415 and 14.235 mm. MODIS measurements have proven robust to studying aerosol and cloud properties [Kaufman and Tanre, 1998; King et al., 1997] . With the advantage of relative synchronicity for these two nadir-viewing instruments along a common orbital track, and despite the disparity in fields of view between the two, data derived from CALIOP and MODIS measurements can allow for a reasonable snapshot of cirrus cloud properties for a given sky scene.
[9] The outline of this paper is as follows. Section 2 reflects a brief introduction of the Fu-Liou radiative transfer model, which is used here to estimate CRF. Section 3 describes our definition and sensitivity studies investigating CRF over China. Introductions to CALIOP and MODIS data, the lidar inversion algorithm used to retrieve cirrus cloud optical depths, and the data processing methodology for retrieving CRF are presented in section 4. Section 5 is a discussion of the main results of CRF calculations made over China during the study period. Results are summarized in the conclusions of section 6.
Fu-Liou Radiative Transfer Model
[10] The radiative transfer model of Fu and Liou is used here to estimate CRF Liou, 1992, 1993] . The model is distributed freely online, though subsequent modifications have been offered [Rose and Charlock, 2002; Kato et al., 2005] . The model is a is a d-two/four-stream radiative transfer system with fifteen spectral bands from 0.175 to 4.0 mm in shortwave (SW) and twelve longwave (LW) spectral bands between 2850 and 0 cm −1 . The correlated-k distribution method based on HITRAN 2000 is used to treat the nongray gaseous absorption due to H 2 O, CO 2 , O 3 , N 2 O, and CH 4 . This method uses scaling approximations and band models to separate height and wave number integrations in transmittance calculations [Fu and Liou, 1992] . Simulated errors in SW and LW fluxes and heating rates are usually less than 0.2% and 0.01 K/d, and a sufficient number of cumulative probabilities (g) ensures an acceptable accuracy for flux and heating rate calculations [Fu and Liou, 1992] . A mean effective size, D e , is used here to represent ice crystal size distribution. Low relative errors induced by parameterizations of the extinction coefficient and singlescattering albedo for cirrus clouds, based on hexagonal ice crystals Liou, 1989a, 1989b] , permit applications to climate research Liou, 1992, 1993] . In addition, a coding update in 2006 enhances the accuracy of the system by modifying aerosol properties, trace gases and water vapor absorption at shortwave and longwave bands [Rose and Charlock, 2002; Kato et al., 2005] .
3. Cirrus Cloud Radiative Forcing 3.1. Definition
[11] Cloud-induced RF has been used extensively to study cloud-radiative interactions, and especially net forcing because it directly determines the effects of clouds on the energy budget of the Earth-atmosphere system [Ramanathan et al., 1989] . To estimate instantaneous CRF at the TP over China specifically, we consider outgoing SW, LW, and net (NET) irradiances at the TP derived from the Fu-Liou model. CRF is then defined as the difference in irradiance between the clear-sky and actual sky conditions [Charlock and Ramanathan, 1985; Ramanathan et al., 1989] . SW (T SW ) and LW (T LW ) irradiances at the TP are defined as
where F SW Down (F LW
Down
) and F SW UP (F LW UP ) are downward and upward SW (LW) irradiances at the TP, respectively. The SW, LW and NET CRFs at the TP are computed as 
Sensitivity Study
[12] CRF is dependent on the scattering and absorption of incoming solar radiation and the physical properties of cirrus clouds that influence these processes. Scattered and absorbed SW radiation flux, which influences SW CRF, can be significantly affected by the shape and size of irregular ice crystal particles Liou, 1989a, 1989b] . There is also dependence for these parameters on the solar zenith angle, which denotes the orientation of incident solar radiation and surface albedo [Fu and Liou, 1993; Jensen et al., 1994] . Cirrus cloud macrophysical heights, atmospheric thermodynamic profiles, and aerosols beneath cloud also influence CRF.
[13] Figure 1 depicts the variability of CRF for SW, LW and NET at the top of atmosphere (TOA) simulated by the Fu-Liou model as functions of cirrus optical depth, d c , mean particle effective size, D e , surface albedo, a, and solar zenith angle, . It can be seen from these data that the variability in these parameters induces greater influence on SW CRF calculations than those for LW CRF. This is attributable to the effects of atmospheric thermodynamic structure and cirrus optical depth on thermal infrared irradiance [Fu and Liou, 1993] .
[14] Figures 1d and 1f depict an increasing trend of SW and NET CRF with a. Compared with the variability of CRF as a function of a, a pronounced turning point at about 0.2 of cos() can be seen in Figures 1g and 1i . This finding demonstrates the complexity of the dependence of NET CRF on . As a result, the instantaneous CRF simulated by considering actual cirrus cloud cases observed in available satellite measurements (heretofore referred to as "direct observation") will only represent the results of a limited number of cases exhibiting the strong influence of .
[15] Figure 2 exhibits similar variability of CRF for SW, LW and NET at the top of atmosphere (TOA) simulated as functions of cirrus cloud macrophysical height, variable regional atmospheric thermodynamic profiles, and the optical depth of aerosols beneath them (AOD), respectively. We find that cirrus cloud heights induce a greater influence on CRF calculations than other parameters. This finding is attributable to the more prominent warming effect of cirrus clouds at relatively high altitudes. NET CRF biases introduced by varying atmospheric thermodynamic profiles and AOD does not exceed 4 W m −2 , as shown in Figures 2f and 2i . In addition, with respect to Figures 2a-2c , inaccurate vertical profiling of cirrus cloud structure could bias the CRF calculations. CALIOP, as an active remote sensor, relies on its propagated energy to penetrate optically thin clouds (d c < 3) or aerosols to render more accurate vertical profile information [Winker et al., 2009 ] that can reduce retrieval errors.
[16] The orbital parameters of the CALIPSO and Aqua satellites limit the number of observations possible within the China domain identified above. In particular, it is not possible to investigate a complete diurnal cycle for CRF variability, since observing times are clustered roughly around the 0130/1330 local equator-passing times for each orbit. In order to limit any bias introduced in our results due to these limitations, we simulate the corresponding CRF for twelve hypothetical values from 0700 to 1800 local time to derive what we will loosely refer to here as a "diurnal mean" CRF for each case. This method has been applied previously to generate a more robust analysis of the data available [Li et al., 2007] . Despite the diurnal variability of the atmospheric thermodynamic profile introducing error into CRF calculations, this relatively small bias can be ignored seen, as seen from Figure 2f . Due to the influence of solar declination and geographical position, some cases were limited to calculations of only 9 or 10 differing values for . Those methods describing this procedure, including data processing and simulation techniques, will be introduced below.
Data and Methodology

CALIOP and MODIS Products
[17] CALIOP and Aqua MODIS data sets collected over two years (June 2006 ∼ May 2008) from our China research domain are investigated here. Information characterizing the thermal profile, including temperature, pressure, water vapor mixing ratio, and ozone number density, are needed to simulate the thermodynamic environment for a successful application of the Fu-Liou radiation model. CALIOP Level 1B files (LID L1-Pro-V2-01) include these data, as derived per 0.333 km (horizontal) shot recorded, which come from the NASA Global Modeling and Assimilation Office (GMAO) [Winker et al., 2003 [Winker et al., , 2009 . Due to the differences in spatial resolution, we average fifteen consecutive 0.333 km profiles to match the horizontal resolution of the Level 2 cloud layer product used (5.0 km horizontal resolution), and that will be introduced in next paragraph. For the length of the profile above the maximum reported height, standard midlatitude summer (for May to October) and winter (for November to April) atmospheric profiles, as included as default parameters in the Fu-Liou model package, are substituted.
[18] CALIOP Level 2 cloud layer data (LID L2 05kmClay-Pro-V2-01) at 5.0 km horizontal resolution are used to provide cloud-related information and TP heights. We first use the Feature Classification Flags (FCF) [Hu et al., 2009; Liu et al., 2005; Vaughan et al., 2009] in the Level 2 cloud layer product (Feature Type QA equals 3) to identify cloud layers. In light of the distinguishable properties of midlatitude cirrus clouds, we consider three supplemental criteria to discriminate cirrus clouds in these processed data products in order to limit the potential of false identifications biasing the China subsamples. The first ensures a minimum cloud base height of 5.0 km [Dowling and Radke, 1990] . The second and third restrict the maximum cloud top height temperature to −40°C and the maximum visible optical depth to 3.0 [Sassen and Cho, 1992; Sassen and Campbell, 2001] , respectively. As a function of the detection limits for CALIOP, the minimum visible optical depth of cirrus clouds included in our sample through the Level 2.0 5.0 km product is approximately 0.002. To aid in the retrieval of aerosol properties, CALIOP Level 2 aerosol layer data (LID L2 05kmALay-Prov-V2-01) at 5.0 km horizontal resolution and Aqua MODIS Level 2 Collection 5 at a horizontal resolution of 10 km × 10 km (MOD04 L2) [Kaufman and Tanre, 1998 ] are considered to provide aerosol information for radiation model inputs.
Cirrus Cloud Optical Depth
[19] For a point along the measured CALIOP attenuated backscatter profile deemed within the bounds of a cirrus cloud at range r from the instrument, the measured lidar return signal power can be written as
where C is a lidar system constant that, for our purposes, includes output energy, r represents the range to CALIOP (as CALIOP is nadir-viewing), b m (r) and b p (r) are the molecular and cloud backscatter coefficients, respectively, T m and T p are the molecular and cloud transmission terms, respectively, and P o is the background signal power [Young, 1995; Young and Vaughan, 2009] .
[20] Based on equation (6), the backward iterative method developed by Klett [1981] is widely used for ground-based lidar equation inversion as it yields stable and accurate solutions [Klett, 1981] . For the spaceborne lidar scenario, however, the backward solutions are often problematical because it is usually difficult to determine accurate, far-field boundary conditions with any confidence, especially under the conditions of reduced signal-to-noise ratio (SNR) encountered during daytime measurements [Young and Vaughan, 2009] . The Hybrid Extinction Retrieval Algorithm (HERA), which is based on the forward iterative method, has been developed to perform extinction retrievals [Young et al., 2007; Young and Vaughan, 2009] . Moreover, two parameters, the lidar ratio, S c , and multiple scattering factors, h, necessary to perform the inversion solution for the lidar equation, are supplied by the Scene Classification Algorithm (SCA) adopted by the CALIOP project [Liu et al., 2005; Omar et al., 2009] . The cirrus cloud visible optical depth, d cv , obtained from the CALIOP level 2 cloud layer products, may be derived according to Platt [1979] as
where r b is the cirrus cloud base height (relative to the zenith-pointing lidar). It is worth noting that d cv , as obtained from the CALIOP products, is the single scattering optical depth [Platt et al., 1999] with the measurement uncertainty within a factor of 2 for d cv < 5 [Winker et al., 2009] . Therefore, a constant term, h, is used to multiply by the result of equation (7) in order to account for multiple scattering effects on the backscatter profile. This value is set to 0.6 [Liu et al., 2005] . This new expression represents the cirrus cloud effective optical depth, d c . It is approximately equivalent to the cirrus optical depth at 550 nm, which is a necessary input to the Fu-Liou model.
Data Processing
[21] Despite the breadth of the CALIOP and MODIS data sets, ancillary data sets and assumptions are necessary to produce an appropriate and robust input system for the Fu-Liou model. Figure 3 schematically depicts the data processing system in detail. We apply the FCF products from the CALIOP Level 2 cloud layer data to identify single-layer cirrus cloud cases, which are then filtered using the three climatological tests described in section 4.1. With each specific case, we extract relevant cirrus cloud properties, such as cloud top and base heights, TP height, and effective optical depth from the CALIOP Level 2 cloud layer data, and correlate them with spatially matched data in the other three satellite products.
[22] In order to calculate D e , an empirical relationship between it and temperature, T, (we use midcloud temperature to calculate D e here) is used, and is written as 
from Wang and Sassen [2002b] , which is based on a climatology of midlatitude cirrus cloud cases [Wang and Sassen, 2002a, 2002b] . According to their results in the latter paper, the largest uncertainty in NET CRF simulations induced by D e is about 5 W m −2 , which can be inferred from Figure 1c . Surface albedo spectral dependencies are taken into account using a lookup table based on International Geosphere-Biosphere Programme (IGBP) scene type (http:// www-surf.larc.nasa.gov/surf/pages/sce_type.html).
[23] Aerosol optical depths (AOD) at 550 nm for model input are obtained from MODIS Level 2 Collection 5 data by averaging available AODs within 2°(latitude) × 2°(longitude) grid boxes centered on a subject cirrus cloud case. The expected errors of AOD from these MODIS data are ±0.03 ± 0.05AOD over ocean and ±0.05 ± 0.15AOD over land [Remer et al., 2005] . However, we use the approximate 532 nm AODs retrieved by CALIOP return signals from CALIOP Level 2 aerosol product [Young and Vaughan, 2009] as input if there are no data available from the MODIS retrievals. As with cloud type identification, the FCF products derived from CALIOP Level 2 aerosol data are also used to determine aerosol types present within the sky scene under cirrus clouds.
Results and Discussions
Monthly Mean
[24] An overview of monthly and total mean values of various cirrus cloud macrophysical properties derived from the 2 year CALIOP data set is listed in Table 1 . The CALIPSO instrument orbital track intersected the research domain 2095 times in total during the period of study (4∼7 times per day). 69,067 single-layer cirrus cloud cases have been analyzed for this investigation. The maximum monthly mean cirrus cloud top (13.06 ± 2.12 km) and base (11.61 ± 2.12 km) heights are observed in July. They are closely associated with the local convective activity, northsouth migration of the Intertropical Convergence Zone (ITCZ), and monsoonal circulations [Mace et al., 2006c; Sassen et al., 2008] , which result in deeper mean layer thicknesses and higher optical depths relative to other seasons. These processes can induce relatively abundant upper tropospheric water vapor concentrations [Huang and Sun, 1992] and seasonal meridional displacement of subtropical cirrus bands [Sassen et al., 2008] . Mean midcloud temperatures exhibit no identifiable pattern or relationship to season or likely/seasonal generating mechanisms.
[25] Figure 4 depicts the monthly and totally mean values of CRF of SW, LW, and NET from both direct observation and for the diurnal mean simulations. Seen from Figure 4a is a more prominent seasonal variability in SW CRF, with minimums in summer derived for the diurnal mean simulations. This result stems from the more frequent occurrence of optically thick cirrus cloud cases, as noted from Table 1 , that limit solar transmission rates approaching the planet surface. As a result, the intensity of reflected solar radiation by cirrus clouds is directly proportional to cloud optical depths. Significantly lower SW CRF are derived for the diurnal mean simulations compared with direct observations from April to September, with a maximum bias of near 3.0 W m −2 in July.
[26] Results in Figure 4b reveal that the mean LW CRF from observation and derived diurnal mean data sets are equal with no influence of on LW radiation. Therefore, variability seen in the SW CRF calculations above determines that seen for NET CRF calculations in Figure 4c . Here again, minimums occur in June (31.5 and 28.7 W m −2 ) and a prominent seasonal trend is apparent. Similar to results derived from tropical latitudes [Lee et al., 2009] , this finding is attributable to seasonal changes in mean cirrus cloud optical depth, which were presented in Table 1 . In addition, the seasonal variation of NET CRF is due to the effect of cirrus clouds over the Qinghai-Tibet Plateau, which will be discussed below.
[27] Shown in Figure 5 are linear comparisons of monthly mean CRF of SW flux simulated by the Fu-Liou model using direct observations and the diurnal mean cases. The seasonal variability of slope solved in each monthly linear regression illustrates seasonal magnitude of the influence of . According to the prominent dependence of CRF on cirrus optical depth in Figures 1a-1c , during summer, the reduced influence is due to the increase of cloud optical depths. On the basis of these results, total mean NET CRF at the TP are estimated as 36.5 ± 48.4 and 36.8 ± 50.4 W m −2 for the direct observation and diurnal mean simulations, respectively, over China. These values are nearly double that (0-20 W m 2 ) estimated by using this cirrus cloud cases from the tropics (d c < 0.3) in a similar study done by Lee et al. [2009] .
Horizontal Distribution
[28] The research domain identified for China covers a very large area, which reflects synoptic weather conditions that vary regionally through each season. Geographical and annual variability in cirrus cloud physical and optical properties [Sassen and Campbell, 2001; Sassen et al., 2008] , therefore, induce many regional differences in derived CRF. Our focus in this section is to consider the spatial distribution of CRF and evaluate any potential influence on the regional energy budget. 
Total Mean
[29] Shown in Figure 6 are derived distributions of total mean CRF of SW, LW, and NET simulated by the Fu-Liou model using direct observations (Figures 6a, 6c , and 6e, respectively) and the diurnal mean data (Figures 6b, 6d , and 6f, respectively) within 2°× 2°latitude-longitude grid boxes of the research domain from June 2006 to May 2008. A prominent warming effect is immediately apparent over the Qinghai-Tibet Plateau in Figures 6c-6f . Particularly, in Figures 6e and 6f, higher NET CRF are derived that exceed 100 W m −2 in the central part of this area. This finding is primarily attributed to the increased warming effect of cirrus clouds over the Qinghai-Tibet Plateau, which is reinforced by our results from Figure 2c . However, NET CRF in regions of relatively low elevation (>2.0 km) are closer to 20 W·m −2 , which is somewhat higher than results derived in tropical regions [Lee et al., 2009] .
[30] Although these findings can be directly inferred as a function of the differences in regional cirrus cloud physical properties, they are more directly attributable to the increased infrared warming effect that occurs over Qinghai-Tibet Plateau, which has the highest averaged elevation (∼4.0 km) in the world. Table 2 shows a comparison of CRF for SW, LW, and NET results simulated by using a constrained cirrus cloud sample case with atmospheric thermodynamic profiles derived from a midlatitude/low mean sea level (MSL) site and that of the Qinghai-Tibet Plateau regions. In this comparison, the NET CRF of 62.7 W m −2 simulated using the profile derived from Qinghai-Tibet Plateau is much higher than that of 24.2 W m −2 from the control midlatitude/low MSL site. al., 2005] . But the influence of topography on the calculation of relatively high NET CRF over the Qinghai-Tibet Plateau (Figures 6e and 6f) is also important. Relatively low SW CRF in central and eastern China and to the north of Qinghai-Tibet Plateau is apparent in Figures 6a and 6b . These findings are not consistent with the distribution of albedo from IGBP, which indicates a relatively weak influence of this parameter on SW CRF. In Figure 7 , the horizontal distribution of total mean cirrus cloud optical depth at 532 nm is shown over the domain. The relative maxima of cirrus optical depth exceeding 1.0 agree well with our findings of SW CRF. Therefore, increased reflected solar radiation due to relatively higher cirrus optical depth is driving the cooling effect found in Figures 6a and 6b .
[32] Like in Figure 4b , the LW CRF for the direct observation and the diurnal mean simulations in Figures 6c  and 6d are equal. The horizontal distributions of SW and NET CRF from both scenarios resemble each other in variability, but not in magnitude. Figure 8 depicts the relative bias (RB) of the horizontal distribution of SW and NET CRF between direct observation and the diurnal mean simulations. The regional differences of RB between the south and north seen in Figure 8 demonstrate that is likely to influence the final value of NET CRF. The findings in Figure 8b also give measure to the relative biases, as the influence of does not exceed 30%.
Seasonal Means
[33] Cirrus cloud formation is closely dependent on weather patterns, atmospheric circulation and even local terrain [Lynch et al., 2002; Sassen and Campbell, 2001] . Cloud occurrence frequencies can also be linked to the seasonal variations of the ITCZ and regional monsoonal activities [Sassen et al., 2008] . It is no surprise, then, to see seasonal variability in the horizontal distribution of CRF from our results. Figures 9-11 depict the horizontal distributions of seasonal SW (Figure 9 ), LW ( Figure 10 ) and NET CRF (Figure 11 ) means from direct observation and the diurnal mean simulations within 2°× 2°latitude-longitude grid boxes over China. Owing to the lack of cirrus cloud cases in several grid boxes, a linear interpolation method has been applied to smooth these findings.
[34] Results from Figure 9 depict a decrease of SW CRF (minimum < −65 W m −2 ) in the central part of China during summer. A slight increase over Qinghai-Tibet Plateau can also be found. Due to stronger convective and monsoonal activities, and ITCZ northward migration in summer [Nazaryan et al., 2008; Sassen et al., 2008] , the related horizontal variability of cirrus cloud optical depths are considered likely to strongly influence these findings, as was concluded for similar results shown in Figure 7 .
[35] Results shown in Figure 10 depict a trend reversal of LW CRF over the Qinghai-Tibet Plateau in summer. Despite the seasonal changes in cirrus cloud physical properties observed over the broader domain, warming and moistening of the thermodynamic profile offset these factors in the model calculations. A moderate increase is also seen for LW CRF in southern China (<25°N) in Figure 10 , as is the appearance of relatively high LW CRF exceeding 80 W·m −2 in central China in summer. Similar to the variability of SW CRF shown in Figure 9 , these findings are also mainly attributed to the influence of the ITCZ and monsoonal activities. This latter variability can induce the frequent occurrence of optically thick cirrus shown in Figure 7 , which increases overall thermal infrared radiation.
[36] In light of the mostly positive effect of LW, similar yet more moderate seasonal variability of the horizontal distributions of NET CRF over the Qinghai-Tibet Plateau, southern, and central China are found in the results displayed in Figure 11 . In accordance with the findings of Figure 4c , we find that the minimum and monthly variations of NET CRF that are strongly influenced by the cases observed over the Qinghai-Tibet Plateau. Higher NET CRF from the diurnal mean simulations over Qinghai-Tibet Plateau is seen for every season except summer. We find a more significant difference in NET CRF biases over then Qinghai-Tibet Plateau than other region studied. This indicates the differing degrees of influence of on the estimations of NET CRF from direct observation simulations in different seasons and regions.
Summary
[37] This investigation of the instantaneous cirrus radiative forcing at the tropopause over China uses the two years of CALIOP, MODIS data, and the Fu-Liou radiative transfer model. Roughly 69,000 single-layer cirrus cloud cases observed by CALIOP with relatively high quality vertical information have been studied to evaluate detailed climatic and radiative characteristics of cirrus clouds over this region. Future work using A-train satellite data sets will address cirrus clouds, and their macrophysical and radiative properties, for multilayered cloud systems.
[38] Our primary results in this study are summarized as follows.
[39] 1. Based on the advantages of the CALIOP instrument for detecting cirrus clouds, a method to estimate cloud radiative forcing (CRF) using the Fu-Liou radiation model combined with CALIOP and MODIS data has been described. Aside from direct observations, diurnal mean CRF results with varying over the solar day have been simulated to evaluate the impact of on CRF.
[40] 2. Monthly mean cirrus cloud physical and optical properties exhibit some seasonal variability due to the influence of the ITCZ, local convection, and monsoonal activities in the region. Monthly mean CRF also show significant seasonal variability; particularly the minimum of NET CRF in July. Although total mean NET CRF are estimated by using direct observation data (36.5 ± 48.4 W m −2 ), we approximate a similar value from the diurnal mean simulations (36.8 ± 50.4 W m −2 ), though monthly differences illustrate the varying seasonally influence of on CRF.
[41] 3. A significant positive net effect exceeding about 80 W m −2 over the Qinghai-Tibet Plateau was found. This finding is the result caused by a more prominent warming effect of cirrus clouds over the higher terrain, where surface temperatures are unusually low relative to other regions in the domain. In addition, cirrus cloud optical depths cause variability in the horizontal distribution feature of SW CRF.
[42] 4. The seasonal variations in CRF horizontal distributions are described. LW and NET CRF over the QinghaiTibet Plateau decrease in summer due to a warming and humidifying thermodynamic profile over the high terrain. Seasonal spatial variability of cirrus optical depths due to the influence of the ITCZ and monsoonal activities also contributes to the spatial variability of SW, LW, and NET CRFs. From comparisons of NET CRFs between direct observation and diurnal mean simulations, we find the seasonal and regional differences in impact of .
